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Metallic glasses are amorphous metals or alloys that possess no long-range atomic 
order in their structure. In the past few decades metallic glasses have gained 
considerable interests with the discovery of a great number of new glass-forming 
alloys. These alloys were produced with a critical cooling rate of less than 103 K/s and 
can be made into bulk glassy ingots with dimensions of 1 mm or more. It has been 
noticed that most of these alloys are multi-component with three or more elements. 
However, the elemental effect on the glass forming ability (GFA), especially the effect 
from elements with similar chemical and physical properties such as atomic size and 
heat of mixture, has rarely been studied.  
 
The elemental effects on GFA of a model system RE-TM-Al (RE = La and Ce, 
TM = Co, Cu and Ni) were systematically studied in the present project. Firstly, the 
best metallic glass formers in the La based ternary alloy system (such as La-Co-Al, La-
Ni-Al and La-Cu-Al) were indentified and effects of transition metals on the glass 
forming ability of La-TM-Al ternary alloys were discussed. Although transition metals 
such as Co, Cu and Ni have similar atomic sizes as well as comparable interactions 
with the solvent atom La, their effects on GFA differ significantly, with the critical size 
ranging from 16 to 5 mm in the sequence of Co > Ni > Cu. Efficient cluster packing 
(ECP) atomic structural model was employed to describe packing details of these 
metallic glasses. It is found that compositions of the optimum glass formers matched 
well with predictions provided by this model. For example, in the La-Co-Al alloys, the 
 v
optimum for glass formation compositions, La69Co17Al14 and La67Co17Al16 are quite 
close to the one given by ECP model, La69.4Co15.3Al15.3. The best glass former 
Ce61Co19Al27, with critical size of 6 mm in diameter in the Ce-Co-Al ternary alloy 
system was also found. Secondly, the effects of rare-earth elements (such as La and Ce) 
on GFA of RE-Al-Co (RE = La and Ce) alloys were investigated. Studies on glass 
forming ability were extended to (La,Ce)-Co-Al system by replacing certain amount of 
La with Ce. With the help of the pinpoint method developed for quarternary alloys, the 
optimized glass formation was achieved in alloy (La0.7Ce0.3)64Ce21Al15, which can 
form a glassy rod with 25 mm in diameter. The above results demonstrated the 
significant effects of the component elements on the glass forming ability of the alloys. 
Efficient cluster packing model was further modified to explain how atoms packed in 
these fully metallic glasses and it is suggested that volume strain caused by large 
difference in atomic size would affect the atomic packing, and hence resulted in the 
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Chapter 1 Introduction 
1.1 Metallic Glasses 
It was with great excitement that metallurgists found, half a century ago, a newcomer 
with primarily metallic bonding in the glass family, metallic glasses [1]. Similar to 
traditional oxide glasses, metallic glasses lack the long-range order which exists in 
conventional crystalline metals. In metallic glasses, atoms are packed randomly and 
densely and the translational periodicity is absent. The experimental and 
computational results showed that a well-defined short-to-medium range order exists 
within several atoms span in these metallic glasses [2]. Though in a metastable state, 
metallic glasses are stable enough to maintain themselves at room temperature within 
a relatively large time scale or forever like diamond. 
 
Compared with crystalline alloys, metallic glasses possess unique properties 
arising from the unique glassy structure. For example, the Co-based metallic glasses 
are found to achieve compressive fracture strength of 5.5 GPa [3], approaching their 
theoretical strength at room temperature. In tensile loading, there is a 2% elastic strain 
(εel) in metallic glasses [4], which is much higher than that of common crystalline  
metallic alloys where εel ≤ 1%. It is reported that Fe-rich [5-7] and Co-rich [8] 
metallic glasses exhibit outstanding soft magnetic behavior especially at high 
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frequency which is comparable to the best conventional permalloys. Furthermore, 
both metal-metal and metal-metalloid Ni-based glasses demonstrate excellent 
corrosion resistance to sulphate and chloride solutions [9, 10]. 
 
Research over the past few years has lead to many industrial applications for 
metallic glasses. For example, the Fe-based metallic glasses have been successfully 
applied in generators as magnetic cores [11]. Several high strength Zr-based glasses 
have been used in sporting goods such as golf clubs, tennis rackets, and bicycle parts 
[12, 13]. Meantime, with the development of casting techniques, metallic glasses are 
introduced in electronic casings, medical devices, and fine jewelry industries due to 
their excellent resistance to corrosion and attrition [13]. Recent findings showed that 
composites of tungsten-loaded metallic glass matrix as self-sharpening penetrators are 
great alternatives for previous radioactive materials [14]. 
 
Since the first metallic glass in bulk form (diameter > 1 mm) was reported in a 
Pd-rich alloy in 1969 [15], a great number of alloys have been known to form bulk 
metallic glasses (BMGs). The dimensions of BMGs surpassed 10 mm when a fluxed 
Pd40Ni40P20 amorphous ingot was discovered in 1984 [16]. From the late 1980s, Inoue 
et al. systematically developed series of multi-component La- [17-20], Mg- [21-24] 
and Zr-based [25-27] alloys, with low critical cooling rates for glass formation. In 
1993, Peker and Johnson at Caltech discovered that the Zr41Ti14Cu12.5Ni10Be22.5 alloy 
could be cast into a copper mold forming a fully glassy rod with a diameter above 25  
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Table 1.1 Summary of bulk metallic glasses with critical size larger than 10 mm. 
System Alloy Dc (mm) Year Ref. 
Pd-based Pd40Ni40P20 10 1984 28 
 Pd40Ni10Cu30P20 72 1997 29 
Zr-based Zr65All7.5Ni10Cu17.5 16 1993 26 
 Zr41.2Ti13.8Cu12.5Ni10Be22.5 >14 1993 30 
 Zr55Cu30All0Ni5 16 1995 31 
RE-based La62Al15.7(Cu,Ni)23 12 2003 32 
 (La,Ce)64Al16Ni5Cu10Co5 12 2006 33 
 (CeLaPrNd)65Co25Al10 15 2006 34 
 (La0.7Ce0.3)65Al10Co25 25 2007 35 
 La65Al14(Cu5/6Ag1/6)11Ni5Co5 30 2007 36 
 Y36Sc20Al24Co20 25 2003 37 
 Ce69.5Al10Cu20Co0.5 10 2006 38 
Cu-based Cu46Zr42Al7Y5 10 2004 39 
 Cu40Zr44Ag8Al8 15 2006 40 
 Cu49Hf42Al9 10 2006 41 
Mg-based Mg65Y10Cu15Ag5Pd5 12 2001 42 
 Mg54Cu26.5Ag8.5Gd11 25 2005 43 




12 2004 45 
 Fe41Co7Cr15Mo14C15B6Y2 16 2005 46 
Co-based Co48Cr15Mo14C15B6Er2 10 2006 47 
Ca-based Ca65Zn20Mg15 15 2004 48 
Pt-based Pt42.5Cu27Ni9.5P21 20 2004 49 
Ti-based Ti40Zr25Cu12Ni3Be20 14 2005 50 
Ni-based Ni50Pd30P20 21 2007 51 
 
 
Chapter 1                                                           Introduction 
4 
 
mm where the critical cooling rate for fully glass formation could achieve as low as 1 
K/s [30]. Today, researchers have found a great number of metallic glasses with 
critical size exceeding 10 mm in diameter in several systems (Table 1.1).  
  
1.2 Rare-Earth-Based BMGs 
A study was carried out in the rare-earth (RE) based alloy system, in which neither 
poisonous element (for example, Be [30]) nor expensive noble metals (for example, 
Pd [29]) was used. Table 1.2 summarizes the development of RE-based BMGs. Fully 
amorphous La55Al25Ni20 was first discovered by Inoue et al in 1989 using the water 
quenching technique (1.2 mm in diameter) [18]. Through low-pressure copper mold 
casting, the critical diameter (Dc) was increased to 3 mm for the same composition 
[52]. Then replacement of half the Ni with Cu enlarged the critical diameter to 7 mm 
for the La55Al25Ni10Cu10 alloy [20]. The glass forming ability (GFA) was further 
enhanced to 9 mm for La55Al25Cu10Ni5Co5 when a fifth element Co was introduced 
[20].  
 
The La-Al-Cu ternary alloy system has been investigated and the best glass 
former was located as La66Al14Cu20, which was at the eutectic composition, with Dc = 
2 mm by copper mold casting [53]. With partial replacement of Cu by Ni as, a 12 mm 
La-based BMG was successfully obtained at La62Al15.7(Cu,Ni)22.3 by copper mold 
casting[32]. 
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Table 1.2 RE-based of bulk metallic glasses with their corresponding critical size (Dc) 
for glass formation. 
Alloy Dc (mm) Method Year Ref. 
La55Al25Ni20 1.2 Water quenching 1989 18 
La55Al25Ni20 3 Low-pressure die casting 1990 52 
La55Al25Cu20 3 High-pressure die casting 1993 20 
La55Al25Ni10Cu10 7 High-pressure die casting 1993 20 
La55Al25Cu10Ni5Co5 9 High-pressure die casting 1993 20 
La66Al14Cu20 2 Copper mold casting 2001 53 
La62Al15.7(Cu0.5Ni0.5)22.3 12 Copper mold casting 2003 32 
(La0.5Ce0.5)64Al16Ni5Cu10Co5 12 Copper mold casting 2006 33 
(Ce-La-Pr-Nd)65Al10Co25 15 Copper mold casting 2006 34 
(La0.7Ce0.3)65Al10Co25 25 Copper mold casting 2007 35 
La65Al14(Cu5/6Ag1/6)11Ni5Co5 30 Copper mold casting 2007 36 
Ce60Al20Cu20 3 Copper mold casting 2006 38 
Ce69.5Al10Cu20Co0.5 10 Copper mold casting 2006 38 
Pr54Cu20Ni10Al10 5 Suction casting 2003 54 
Pr65Al10Co25  4 Copper mold casting 2006 34 
Nd48Al20Fe27Co5 3 Suction casting 2004 55 
Nd65Al10Co25 3 Copper mold casting 2006 34 
Sm60Fe10Al10Co15Cu5 3 Copper mold casting 2000 56 
Sm55Al25Co20 4 Copper mold casting 2007 57 
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The subsequent works by Jiang et al [33] and Li et al [34] reported 
centimeter-sized (La0.5Ce0.5)-based BMGs and the 15 mm (La-Ce-Pr-Nd)-based 
BMGs, respectively. By partially replacing the rare-earth element La with other 
Lanthanide elements (such as Ce, Pr, Nd and Sm), or partially substituting the 
transition metals, the critical diameter has been further enlarged to 25 mm for 
(La0.7Ce0.3)65Al10Co25 [35] and 30 mm for La65Al14(Cu5/6Ag1/6)11Ni5Co5 to date [36]. 
Other RE-rich BMGs were also developed in Ce- [38, 58], Pr- [54, 59], Nd- [60] and 
Sm-based [61] systems. It is noticed that the polymer-like thermoplastic behavior of 
Ce-based BMGs [58] as well as the unique magnetic properties of Pr- and Nd- based 
BMGs [54, 62] have attracted much attention from industries. 
 
1.3 Glass Forming Ability (GFA) 
1.3.1 Glass Formation 
When a molten metal is quenched so rapidly that the atoms do not have enough time 
to rearrange themselves for crystallization, the glass state can be reached. The 
formation of a glass is schematically illustrated in Figure 1.1. The diagram shows a 
typical “C” curve for crystallization because there is a competition between the 
increasing driving force for crystallization and the slowing down of atom movement 
(liquid viscosity) as temperature goes down. To avoid crystallization and thereby to 
obtain a glass, cooling curve must avoid intersecting the crystallization curve (the 
solid line). For metals, it may take less than a microsecond (10-6 s) for crystallization 
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due to their simple structures. However, for certain alloys, the time for crystallization 
can achieve a tenth or several seconds. Therefore, glass forming ability can be 
evaluated by the dimensions of the samples, which is controlled via the critical 
cooling rate. 
 
Figure 1.1  Schematic plot of a time-temperature-transformation (TTT) diagram. 
Tp is the process temperature, Tl is the liquidus temperature and Tg 
is the glass-transition temperature [63].  
 
In most practical cases, heterogeneous nucleation takes place while the glass state 
can still be reached by suppressing the growth of nuclei. Upon cooling, the phase with 
the highest growth temperature is kinetically favored and appears in the final product. 
Considering the amorphous state as a competition phase, whose growth temperature is 
marked by the glass transition temperature, glass will form when its glass transition 
temperature is higher than the growth temperature of any other possible crystalline 
phases, as such, GFA is adjusted mainly by competition between the glass formation 















low cooling rate 
high cooling rate 
Time → 
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1.3.2 Improving GFA—Confusion Principle 
It has been found that all the BMGs with good GFA are multi-component alloys with 
at least three elements, which are of significant difference in atomic sizes [65, 66]. 
The “confusion principle” has been widely accepted by those working on metallic 
glass formation. The more elements involved, the lower the chance that the alloy can 
select viable crystal structures and the greater possibility of glass formation existed 
[67].  
 
When the number of components increases, the complexity in the liquid structure 
also increases which results in a higher density of the liquid, hence the stability of the 
liquid phase is heightened. On the other hand, by destabilizing the competing 
crystalline phases, the addition of elements “confuses” the alloy, and reduces the 
ability of the alloy to choose a viable crystal structure [67] during crystallization 
process upon cooling. Re-arrangement of various types of atoms slows down the 
subsequent nucleus growth.  
 
Therefore, increasing the number of components in a given system is an effective 
approach for improving GFA. For example, the introduction of copper to alloy 
Pd40Ni40P20 resulted in the formation of the largest BMG Pd40Ni10Cu30P20 (Dc = 72 
mm) so far [29]. Alloying with yttrium in an Fe-based glass effectively doubled the 
maximum size from less than 7 mm to 12 mm [45]. Either complicating the 
lanthanide elements or increasing the types of transition metals, or both, can increase 
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the size of rare earth-based BMGs significantly, from several micrometers for ribbon 
samples in ternary system [53] to dozens of millimeters for BMGs in quarternary [32] 
or higher order systems [33, 34]. 
 
On the other hand, substitution of atoms by elements with similar chemical 
properties and similar atomic sizes is a general guiding principle to find alloys with 
improved GFA. For example, replacement of silver for copper in the alloy 
Mg65Cu25Y10 (Dc = 4 mm) [23] lead to the Mg65(Cu15Ag10)Y10 BMG with a critical 
size of 6 mm, an improvement of 50% [68]. Another case, in a Ce70Al10Cu20 alloy, by 
introducing 0.5 at. % Co, the critical diameter for BMG formation was increased from 
2 mm to 10 mm [38]. 
 
1.3.3 Optimizing GFA—Pinpoint Strategy  
It has been found that GFA of alloys is strongly compositional dependant [69]. The 
pinpoint strategy based on phase competition performs as a valid guide, and helps to 
point to the optimum glass former in a given system. The optimum glass former will 
be surrounded by alloys with the ability to form similar sized composites. The 
microstructure of samples with appropriate dimension would change from a 
composite structure (a primary phase in the glass matrix) to fully amorphous and then 
to another composite structure (another primary phase in the amorphous matrix) as a 
function of alloy composition. Thus by monitoring the microstructure evolution with 
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composition variation and avoiding the formation of primary phases, the best glass 
former can be located in a phase diagram (both binary and ternary systems). This 
strategy has been carried out in pinpointing the best glass forming composition of 
Cu64.5Zr35.5 in a binary Cu-Zr system [69], and is also validated in a ternary Zr-Al-Cu 
system to find out the best glass former as Zr48Cu45Al7 [70]. Generally, a binary or a 
ternary system is believed to be the basic system for locating BMGs. The La-Al-Cu 
[53], Mg-Cu-Y [43] and Zr-Ni-Al [64] alloys systems have been thoroughly studied. 
 
When the number of components is increased for enhancing GFA, the pinpoint 
strategy still works as an important indicator to the best glass-former. Ma et al 
systematically examined the alloying effect in the Mg-Cu-Ag-Y quarternary system 
and developed an approach to search in a three-dimensional (3D) composition space 
for the best glass former [43]. In the pseudo-ternary system, similar elements are first 
grouped together, which reduces the quaternary issue to a ternary one as in the 
Mg-(Cu, Ag)-Y system. The compositional space is divided into a series of 
compositional planes, each represents a fixed Ag-to-Cu ratio, expressed as Cu1-xAgx 
(x = 0.1, 0.2, 0.3), as shown in Figure 1.2. It is much easier to locate the best glass 
former within a single compositional plane. The composition can be set as a reference 
to a subsequent plane. The contour for BMG formation with a critical diameter Dc = 8 
mm by copper mold casting is shown in the pink region. The x = 0.2 plane gives the 
maximum GFA, with Dc = 16 mm. By connecting the best compositions found on 
each plane, the pathway, as indicated by the Arrow A, is quite different from the 
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straight-up Arrow B for the conventional simplistic substitution method. It is noticed 
that path A finally lead to the largest BMG Mg54Cu28Ag7Y11 with Dc = 16 mm, while 
path B only touched the brim of the Dc = 6 mm region followed by, which the best 
glass composition will be missed.  
 
This 3D pinpoint strategy has been extended to several alloy systems. A number 
of BMGs are identified such as Cu44.25Ag14.75Zr36Ti5 with Dc = 10 mm [71], 




Figure 1.2  BMG composition regions in Mg-Cu-Y-Ag system. The pink regions 
are the glass-forming zones with Dc ≥ 8 mm. 
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1.3.4 Existing Indicators to Evaluate GFA 
a. Reduced Glass Transition Temperature Trg 
Defined as the ratio of the glass transition temperature Tg and the liquidus temperature 
Tl, the reduced glass transition temperature Trg is one of the widely used indicators for 
GFA of alloys. Tg generally has a weak dependence on composition while Tl decreases 
strongly as the alloy concentration increases. Therefore, the interval between Tl and Tg 
generally decreases and the value of Trg increases with a higher alloy concentration, 
and the probability of being cooled down through the interval between Tl and Tg 
without crystallization also increases; hence the GFA is enhanced. A high value of 
Tg/Tl also implies that the viscosity is large at temperatures between the melting point 
and the glass transition temperature so that the temperature dependence of viscosity of 
the supercooled liquid is steep. The steep increase in viscosity with decreasing 
temperature results in a small value of the critical cooling rate for glass formation. It 
is concluded that the homogeneous nucleation in the undercooled melt becomes very 
difficult if Trg reaches a value of about 2/3 [73].  
b. Supercooled Liquid Range ∆Tx 
The temperature span between the glass transition temperature Tg and the onset 
crystallization temperature Tx is referred to as the supercooled liquid range ∆Tx [74]. It 
indicates the stability of the supercooled liquid when temperature is above Tg. Large 
values of ∆Tx were reported to favor the GFA of metallic glasses [73-75].  
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c. γ Parameter 
A new parameter γ, defined as Tx/(Tg+Tl), for judging GFA among metallic glasses has 
been proposed based on the perspectives of crystallization process in course of both 
cooling and heating of the supercooled liquid [76]. It shows a strong correlation with 
GFA in certain alloy system such as Fe-Nd-P and Fe-Ni-Nd-P. 
 
1.4 Project Objective  
The RE-Al-TM (RE = rare earth element such as La, Ce; TM = transition metal 
including Co, Cu and Ni) alloys were found to exhibit exceptional GFA. There are 
great differences in atomic radius among the three components (see Table 1.3). For 
example, the atomic size (ra) of La, Co and Al atoms are 0.187 nm, 0.128 nm and 
0.143 nm respectively, therefore, the variations between La and Co atoms, La and Al 
atoms are 32% and 24% respectively.  
 
Table 1.3  Atomic sizes of RE, Al and TM [77] 
Rare-Earth Aluminum Transition Metals 





La 0.187 Al 0.143 Co 0.128 
Ce 0.182   Ni 0.128 
Pr 0.183   Cu 0.127 
Nd 0.182     
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Table 1.4 Heat of mixture (kJ/mol) for atomic pairs in the RE-Al-TM system [78] 
 Al Co Ni Cu 
La -38 -17 -27 -21 
Ce -38 -18 -28 -21 
Al - -19 -22 -1 
Co  - 0 6 
Ni   - 4 
Cu    - 
 
Table 1.4 shows that the values of heat of mixture of solvent element La with Co, 
Ni, Cu and Al elements are -17 kJ/mol, -27 kJ/mol, -21 kJ/mol and -38 kJ/mol 
respectively. There is a strong interaction between any pair of the components, which 
sets a higher barrier for rearrangement to a crystal structure. 
 
It is noticed that the properties of these transition metals (Co, Ni and Cu) 
including their atomic sizes and heats of mixture with other solvent elements are 
similar. As shown in Table 1.3, the atomic radii (ra) of Co, Ni and Cu atoms are 0.128 
nm, 0.128 nm and 0.127 nm respectively. The difference in atomic sizes is less than 
1%. The heat of mixture among them is a small positive value (Table 1.4). It has been 
demonstrated that adding different transition metals in an La-Al-Cu alloy could 
elevate its GFA greatly [32, 36, 79], whereas little work has been done to discuss the 
effect of these transition metals alone on GFA of La-based samples. Hence, a 
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systematic approach on the study of GFA in the ternary La-Al-Co, La-Al-Ni and 
La-Al-Cu systems are required for the further discussion of the effect of transition 
metals on GFA of the La-Al-TM system. 
 
Similarly, the effect of a single rare-earth element such as La and Ce on GFA of 
the RE-Al-Co system has not been reported, although La and Ce have quite similar 
properties such as atomic size (0.187 nm and 0.182 nm) and heat of mixture with 
other solute elements (see Table 1.4). Thus, the effect of lanthanides on GFA will be 
studied in La-Al-TM and Ce-Al-TM systems. 
 
Furthermore, the effect of mixed lanthanides on GFA will be discussed. Ternary 
La-Al-Co, La-Al-Ni and La-Al-Cu systems will be examined firstly by the pinpoint 
strategy to find out the optimum glass former(s). Then the effect of transition metals 
on GFA of the La-Al-TM system will be discussed. The effect of lanthanides on GFA 
of RE-Al-TM system will be taken into account, using the 3D method (discussed in 
Section 1.3.2) to search for the pseudo-ternary (La, Ce)-Al-TM tetrahedron. As shown 
in Figure 1.3, arrow (a) represents the substitution method used by Li et al. [35], 
while the path (b) connects the best glass composition A in the La-Al-TM system and 
the best glass former B on the Ce-Al-TM plane. As discussed before, the 3D 
pinpointing method indicates that the best glass-forming composition on each plane 
with fixed Ce-to-La ratio would shift slightly from the one on the adjacent plane. 
Since the optimum glass formers on both planes have been located, path B will be 
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close to the real route which contains the optimum glass forming compositions on 














Figure 1.3  BMG compositional space of (La, Ce)-Al-TM system.























Chapter 2 Experimental Procedure 
2.1 Alloy Preparation 
The ingots of RE-TM-Al alloys were first prepared by arc melting nominal amounts 
of pure constituent elements such as La (99.9%), Ce (99.9%), Co (99.9%), Ni 
(99.98%), Cu (99.99%) and Al (99.9%) in an argon atmosphere. The arc melting was 
performed in the Edmund Bühler AM arc melting system (powered by LSG 400 
generator). The ingots were remelted several times to ensure the homogeneity of the 
samples and then were cast into the cylinder-shaped cavity of a copper mold under 
argon atmosphere in the arc-melting chamber. Diameters of the cavities are 5, 8, 10, 
12, 16, 20 and 25 mm, and the depth for each cavity is more than 60 mm. These rod 
samples were transversally cut into two pieces at a position of 20 mm from the bottom. 
The cross sections were polished for further characterizations. 
 
2.2 Thermal Analysis 
Thermal properties were investigated in a TA instruments 2920 Modulate Differential 
Scanning Calorimeter (DSC) under a continuous argon flow. A small piece of sample 
was cut from certain part of the master ingot. Samples were scanned over a 
temperature range from room temperature to 700-800 K at a heating rate of 0.33 K/s. 
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The DSC curves were then analyzed by the Universal Analysis program. The 
glass transition temperature Tg was taken to be the inflection point. The crystallization 
temperature Tx was obtained from the onset point of the first exothermic peak (the 
amorphous phase is in a meta-stable state, when heated, it will release the extra heat 
and crystallize to the more stable state). The liquidus temperature Tl was found as the 
end of the last melting peak. Enthalpy of the crystallization was determined from the 
area of the exothermic peak in the DSC curve. The accuracy of DSC measurement is 
±0.1 K for temperature measurement and ±1% for enthalpy calculation.  
 
2.3 Structure Characterization  
2.3.1 X-ray Diffractometry 
X-ray diffraction (XRD) was taken by a Bruker D8 powder XRD diffractometer 
system, using Cu Kα radiation (wavelength 1.54056 Å). Samples were scanned at a 
rate of 0.02 degree per second from 20 to 90 degrees. The XRD patterns were used to 
identify the amorphous state of the as-cast samples.  
 
2.3.2 Optical Microscopy and Scanning Electronic Microscopy 
The cross sections of the as-cast samples were carefully polished for observation 
under an Olympus PME-3 optical microscope (OM). Some of the samples were later 
examined by Philips XL-FEG scanning electronic microscopy (SEM).
 





Chapter 3 Effect of Transition Metals (TM = Co, Ni 
and Cu) on GFA of La-Rich La-TM-Al Alloys 
3.1 Locating the Best Glass Former in La-rich La-Co-Al Alloy 
System 
3.1.1 Investigation around La65Co25Al10 
The first series of alloys were developed from the alloy La65Co25Al10, which was 
reported to form a BMG rod with Dc = 2 mm via copper mold casting [34]. It is 
commonly believed that high GFA can be achieved at deep eutectics or near eutectic 
compositions in a given alloy system. For example, the best glass former La66Cu20Al14 
in the La-Cu-Al ternary system was located at the eutectic composition in the 
previous study [53]. However, people found that the La65Co25Al10 alloy is far from the 
eutectic composition [34]. Therefore, a careful search was taken with small 
composition steps (~2 at. %) around this composition, as shown in Figure 3.1. Alloy 
La65Co25Al10, La65Co23Al12, La63Co25Al12, La63Co27Al10, La65Co27Al8, La67Co25Al8 
and La67Co23Al10 were cast with a diameter of 5 mm by copper mold casting. 
 

























Figure 3.1  Compositional distribution of Sample (1) ~ (7) in La-Co-Al ternary 
system. (1) La65Co25Al10, (2) La65Co23Al12, (3) La63Co25Al12, (4) 
La63Co27Al10, (5) La65Co27Al8, (6) La67Co25Al8, (7) La67Co23Al10. 
The digit at each composition point corresponds to the number on 
Table 3.1. 
 
Figure 3.2 shows the morphology for the 5 mm diameter alloys. There are two 
types of structures within each rod: the outer part indicates an amorphous phase which 
has experienced a higher cooling rate due to the close adherence to the copper mold 
that can take away the heat faster; while the central portion with dark contrast may 
contain some crystalline phase as a result of a relatively lower rate of heat removal. 
The shiny amorphous layer (see arrows in Figure 3.2) is due to its higher resistance to 
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Figure 3.2  Photos of longitudinal sections of the rod samples with a diameter 
of 5 mm. (a) La65Co25Al10, (b) La65Co23Al12, (c) La63Co25Al12, (d) 
La63Co27Al10, (e) La67Co25Al8, (f) La67Co23Al10. 
 
The widths of the outer amorphous ring of these samples are listed in Table 3.1. It 
can be seen that as the aluminum content increases from 8 to 12 at %, the thickness of 
amorphous ring increases from less than 0.1 mm (alloy La65Co27Al8) to about 1.5 mm 
(alloy La65Co23Al12). No fully amorphous structure was found in these alloys. The 
higher proportion of amorphous phase corresponds to a higher glass-forming ability.  
 
a b c 
d e f 
2 mm 
            
Glass 
2 mm 
            
2 mm 
            
2 mm 
            
2 mm 
            
2 mm 






Chapter 3                                         Effect of Transition Metals on GFA 
22 
 
Table 3.1  Thickness of the outer amorphous layer of samples with compositions 
near La65Co25Al10. 
No Composition Thickness of the Outer Layer 
1 La65Co25Al10 0.5 mm 
2 La65Co23Al12 1.5 mm 
3 La63Co25Al12 0.2mm 
4 La63Co27Al10 0.2 mm 
5 La65Co27Al8   < 0.1mm * 
6 La67Co25Al8 0.1mm 
7 La67Co23Al10 < 0.1mm 
*Brittle 
Figure 3.3 shows the thermo-behavior of the central parts of alloys La65Co27Al8, 
La65Co25Al10 and La65Co23Al12, during an isochronous heating process using the DSC. 
The amount of heat release ∆Hx (kJ/mol) can be calculated by integrating the area 
under exothermic peak(s) before melting (Tm), which determines the amount of 
amorphous phase. For a given alloy, the more heat released, the greater the amount of 
amorphous phase. The value of heat release during crystallization ∆Hx (kJ/mol) for 
alloys La65Co35-xAlx (x = 8, 10 and 12) are listed in Table 3.2. Compared with the 
original alloy La65Co25Al10, which had a heat release of 0.89 kJ/mol, sample 
La65Co23Al12 released a little more heat (1.08 kJ/mol) during the crystallization 
process, corresponding to an enhancement of GFA. On the contrary, sample 
La65Co27Al8 gave out only 0.14 kJ/mol of heat, which indicated a poorer GFA for this 
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alloy. Therefore, as Al content increases, there is a trend of better GFA within the 
La65Co35-xAlx (x = 8, 10 and 12) alloys. 

























Figure 3.3  DSC curves of the La65Co35-xAlx alloys with the diameter of 5 mm, 
for x = 8, 10 and 12 (at. %). 
 
 
Table 3.2  Crystallization heat (∆Hx) of alloys La65Co35-xAlx (x = 8, 10 and 12). 
Al content (at. %) Alloys ∆Hx (kJ/mol) 
8 La65Co27Al8 0.14  
10 La65Co25Al10 0.89 
12 La65Co23Al12 1.08  
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3.1.2 GFA Study with increasing Al Content in the La-Co-Al Alloy 
System 
As the first series of alloys showed some hint of better GFA with higher aluminum 
content. The following study focuses on alloys containing 12 ~ 16 at. % aluminum.  
 
3.1.2.1  La65+xCo23-xAl12 (x = 0, 2, 4 and 6 at. %) Alloys 
A series of alloys were developed from the alloy La65Co23Al12, which showed the best 
GFA in the previous study (see Section 3.1.1). The atomic percentage for Al was fixed 
at 12 at. %. Samples were obtained by copper mold casting, with various diameters 
(from 5 mm to 12 mm).  
 
Figure 3.4 shows the DSC traces for the central parts of La65Co23Al12, 
La67Co21Al12, La69Co19Al12, and La71Co17Al12 alloys, at a constant heating rate of 
0.33K/s. These as-cast samples exhibited distinct glass transition at 430 ~ 450 K as 
well as sharp crystallization peaks at 450 ~ 600 K, which suggests the existence of the 
glassy structure. As the La content increases from 65 to 71 at. %, both Tg and Tx (as 
described in Chapter 2) shift to lower temperature: from 445 K to 430 K for Tg and 
from 560K to 450 K for Tx. It can be found that when the La content increases from 
65 to 67 at. %, the areas under the two primary crystallization peaks increase 
remarkably. It is implied that alloy La67Co21Al12 contains a greater amount of 
amorphous phase than alloy La65Co23Al12. Further increase in La content does not 
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increase the areas of crystallization peaks, so the amount of amorphous phase may 
have reached the limit—fully amorphous. It can be seen that the critical diameter of 
the sample also increases as the La content increases from 67 to 71 at. % without any 
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Figure 3.4  DSC curves of crystallization process for the central parts of  
La65+xCo23-xAl12 (x = 0, 2, 4 and 6 at. %) alloys with different 
diameters. 
 
Melting behavior of La65+xCo23-xAl12 (x = 0, 2, 4 and 6 at. %) alloys was also 
examined, as shown in Figure 3.4. The increase in La content from 65 to 71 at % 
causes a slight variation of Tm at around 695 K, while Tl moves continuously towards 
lower temperatures from 735 K to 715 K. There are two distinct endothermic melting 
peaks on the curve for alloy La65Co23Al12. The first melting peak appearing at about 
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715 K becomes dominant during the melting process while the second melting peak 
shifts to lower temperature and finally disappears as the La content increases from 65 
to 71 at. %. This strongly suggests that the alloy La71Co17Al12 is quite close to a 
eutectic composition. 
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Figure 3.5  DSC curves of melting process for La65+xCo23-xAl12 (x = 0, 2, 4 
and 6 at. %) alloys with different diameters. 
 
Table 3.3 gives critical sizes and thermal parameters for La65+xCo23-xAl12 (x = 0, 2, 
4 and 6 at. %) alloys. It is found that as the La content increases from 65 to 71 at. %, 
the supercooled-liquid region ∆Tx (interval between Tg and Tx) firstly expands from 11 
K to 19 K, then remains almost unchanged around 20 K. The values of Trg (=Tg / Tl) 
are of little variation around 0.59. Therefore, the ∆Tx and Trg for the La65+xCo23-xAl12 
(x = 0, 2, 4 and 6 at. %) alloys are relatively composition independent, and hence they 
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can give little hint of GFA. 
 
Table 3.3  Critical size (Dc) and thermal parameters for La65+xCo23-xAl12 (x = 
0, 2, 4 and 6 at. %) as-cast rods. 













La65Co23Al12 < 5 445 456 1.06 698 735 11 0.60 
La67Co21Al12 5 432 451 3.67 697 733 19 0.59 
La69Co19Al12 8 426 446 3.85 690 726 20 0.59 
La71Co17Al12 12 424 443 3.76 695 715 19 0.59 
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Figure 3.6  XRD pattern for as-cast La71Co17Al12 alloy with a diameter of 12 mm. 
  
 




The XRD pattern in Figure 3.6 identifies the fully amorphous structure of the 
alloy La71Co17Al12 with 12 mm in diameter. There is no significant diffraction peak 
but only an amorphous hump, indicating the absence of any crystalline phase in the 
glassy rod. The main amorphous hump occurred at around 32° (2θ). Together with the 
analysis from DSC curves (Figure 3.5), the as-cast rods La67Co21Al12, La69Co19Al12 
and La71Co17Al12 are shown to be fully amorphous structures with critical diameters 
of 5, 8 and 12 mm, respectively (see Table 3.3).  
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Figure 3.7  DSC curves of crystallization process for the central part of the 
La65+xCo21-xAl14 (x = 0, 2, 4 and 6 at. %) alloys with different 
diameters. 
 




A series of La65+xCo21-xAl14 (x = 0, 2, 4 and 6 at. %) alloys with various diameters 
(5 mm to 16 mm) were cast with a fixed atomic percentage of 14 at. % for Al. DSC 
traces for the central parts of La65Co21Al14, La67Co19Al14, La69Co17Al14 and 
La71Co15Al14 ingots, at a constant heating rate of 0.33 K/s, are displayed in Figure 3.7. 
The glass transition temperature (Tg) is observed at 430 ~ 440 K. There are several 
exothermic crystallization peaks in each DSC trace. As the La content increases, Tg 
gradually moves to a lower temperature, from 460 K to 450 K. There is a reduction in 
the first crystallization peak as the La content increases from 65 to 71 at. %. The 
second exothermic peak firstly separated in to several smaller ones, one of which at 
around 525 K then became stronger with further increase in the La content. The 
amount of heat release during crystallization process as well as values of Tg and Tx are 
tabulated in Table 3.4. 
 
The DSC curves in Figure 3.8 show the melting process for the La65+xCo21-xAl14 
(x = 0, 2, 4 and 6 at. %) alloys. As the La content increases, the shape of DSC curves 
changes greatly. The curve for alloy La65Co21Al14 comprises three almost merged 
continuous melting peaks. When the La content increases from 65 to 69 at. %, the 
second and the third endothermic peak continuously move to lower temperatures and 
finally disappear. The curves for alloy La67Co19Al14 and alloy La69Co17Al14 illustrate 
almost one unique melting peak, suggesting that the eutectic composition is nearby. 
However, further increase in La content causes another peak to appear at the lower 
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temperature end, implying the alloy has moved away from the eutectic composition. 
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Figure 3.8  DSC curves of melting process for La65+xCo21-xAl14 (x = 0, 2, 4 
and 6 at. %) alloys with different diameters. 
 
Table 3.4  Critical size (Dc) and thermal parameters for La65+xCo21-xAl14 (x 
= 0, 2, 4 and 6 at. %) as-cast rods. 













La65Co21Al14  5 436 460 5.17 695 737 24 0.59 
La67Co19Al14 8 434 454 4.72 696 720 20 0.60 
La69Co17Al14 16 431 454 4.76 697 718 23 0.60 
La71Co15Al14 < 12 434 450 3.40 696 719 16 0.60 
 




Thermal parameters as well as critical size of La65+xCo21-xAl14 (x = 0, 2, 4 and 6 
at. %) as-cast rods can be found from Table 3.4. As the crystallization becomes more 
complex with the increase in the La content, the amount of heat released (∆Hx) firstly 
decreased from 5.17 kJ/mol to 4.72 kJ/mol, and then maintained at around 4.70 
kJ/mol. This indicates that the latter two alloys La67Co19Al14 and La69Co17Al14 contain 
almost the same amount of amorphous phase. When the La content further reaches 71 
at. %, ∆Hx reduces dramatically to 3.40 kJ/mol, suggesting that the amount of 
amorphous phase in the 12 mm La71Co15Al14 alloy is less than that of alloys 
La67Co19Al14 and La69Co17Al14. In other words, GFA deteriorates when the La content 
increases from 69 to 71 at. %. 





La71Co15Al14  φ 12 mm
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Figure 3.9  XRD patterns for as-cast 12 mm La71Co15Al14 and 16 mm 
La69Co17Al14 rods. 
 The XRD pattern shown in Figure 3.9 revealed the partial amorphous structure of 
the as-cast 12 mm La71Co15Al14 rod and the fully glassy state of the as-cast 16 mm 
La69Co17Al14 rod. It can be seen from the figure that there are no observable 
crystalline peaks except an amorphous hump on the pattern for alloy La69Co17Al14. 
However, the X-ray pattern for the 12 mm La71Co15Al14 alloy illustrates some sharp 
peaks over the main amorphous humps, which reveal the presence of crystalline 




Figure 3.10  SEM micrographs of (a) fully amorphous 16 mm alloy La69Co17Al14 
and (b) partially amorphous 12 mm alloy La71Co15Al14. 
 
SEM micrographs confirmed that the 16 mm alloy La69Co17Al14 exhibits a 
uniform, featureless amorphous structure which represents a higher GFA, as shown in 
Figure 3.10(a). On the other hand, there are α-La dendrites distributed uniformly in 
the 12 mm alloy La71Co15Al14 (see Figure 3.10 (b)). Therefore, the reduction in the 
first crystallization peak in the DSC curve for alloy La71Co15Al14 (shown in Figure 3.7) 
b a 
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is due to the formation of α-La, and the GFA of La-rich La-Co-Al alloys deteriorates 
as lanthanum content exceeds 69 at. %. It is thus found that the alloy with 69 at. % La 
gives the best GFA, with at least 16 mm of critical size for fully glass formation. 
Further increase in La content (~71 at. %) results in a slight decrease in GFA to 12 
mm.  
3.1.2.3 La65+xCo19-xAl16 (x = 0, 2, 4 at. %) Alloys 
The previous study in Section 3.1.2.2 shows that there is an apparent enhancement in 
GFA as the Al content increases. Therefore, the Al content was further increased to 
16%, and the La65+xCo19-xAl16 (x = 0, 2, 4 at. %) alloys with various diameters (8, 16 











Figure 3.11  Photo of longitudinal sections of La65Co19Al16 with a diameter 
of 8 mm. 
 
 A two-type structure including a shiny amorphous outer layer is found in the 
as-cast alloy La65Co19Al16 with a diameter of 8 mm, as shown in Figure 3.11. It 
indicates a limited GFA for this alloy. With a further increase in La content, alloys 
with uniformed structure were obtained by copper mold casting, with diameters of 12 
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mm and 16 mm.  
Figure 3.12 displays crystallization process for the central parts of alloys 
La67Co17Al16 and La69Co15Al16, at the heating rate of 0.33 K/s. The glass transition 
behavior (Tg) is observed at around 430 K, and the onset of crystallization (Tx) takes 
place at around 470 K, showing the presence of the amorphous phase. The 
supercooled liquid region (∆Tx) reaches a maximum value of 40 K. Values of Tg and 





 x = 2   φ 16 mm  















Heating Rate = 0.33 K/s
Tx
 
Figure 3.12  DSC curves of crystallization process for the central part of the 
La65+xCo19-xAl16 (x = 2 and 4 at. %) alloys with different 
diameters. 
 
Figure 3.13 illustrates the melting process for the La65+xCo19-xAl16 (x =2 and 4 at. 
%) alloys. As the La content increases from 67 to 69 at. %, both Tm and Tl move 
towards lower temperature. Another endothermic melting peak emerges at 710 K 
before the primary melting peak (725 K), and becomes stronger as La content 
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increases, implying that the composition has moved away from the eutectic point of 







φ 16 mm  
 La69Co15Al16 














Heating Rate = 0.33 K/s
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Figure 3.13  DSC curves of melting process for alloy La67Co17Al16 and 
alloy La65Co19Al16. 
 
Table 3.5  Critical size (Dc) and thermal parameters for La65+xCo19-xAl16 (x 
= 0, 2 and 4 at. %) alloys. 













La65Co19Al16  < 8 - - - - - - - 
La67Co17Al16 16 434 471 4.37 700 729 37 0.60 
La69Co15Al16 12 428 467 5.00 694 719 39 0.60 
 
XRD patterns for the as-cast rods La67Co17Al16 and La69Co15Al16, with 16 mm and 
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12 mm respectively, are shown in Figure 3.14. The absence of sharp peaks, with only 
diffraction humps in XRD patterns implies that both the 16 mm La67Co17Al16 and 12 
mm La69Co15Al16 rods are of fully amorphous structures.  
20 30 40 50 60 70 80 90











La67Co17Al16  φ 16 mm
 
Figure 3.14  XRD patterns for as-cast 16 mm La67Co17Al16 and 12 mm 
La69Co15Al16 rods. 
 
Critical diameters of the La65+xCo19-xAl16 (x = 0, 2 and 4 at. %) alloys are listed in 
Table 3.5, together with their corresponding thermal parameters. It can be seen that 
the GFA of these alloys is strongly compositional dependent. As the La content 
increases from 65 to 69 at. %, the critical diameter (Dc) first sharply increased from 
less than 8 mm to 16 mm, and then decreased to 12 mm. GFA reaches maximum at 
the composition of La67Co17Al16, which can form a fully glassy rod as large as 16 mm 
in diameter. However, the existing indicators for GFA such as ∆Tx and Trg varies little 
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as composition changes. 
3.1.3 Glass-forming Zone of La-rich La-Co-Al System 
In summary, the critical size for glass-formation of the La-Co-Al alloys strongly 
depends on compositions. As the Al content increases from 12 to 16 at. %, the critical 
size of fully amorphous rods first increased dramatically from 5 mm to 16 mm and 
then decreased to 12 mm. The optimum glass-formers are finally found as alloy 
La67Co17Al16 and La69Co17Al14, with Dc = 16 mm, located at compositions very close 
to the eutectic point. Figure 3.15 illustrates the compositional region of the critical 
size for BMG in La-Co-Al system. 



















Al (at. %)  
Figure 3.15  Compositional dependence of critical size in La-rich La-Co-Al 
ternary system.  
 
By employing the strategy based on macro and microstructure analysis to locate 
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ideal glass-formers, only a few number of alloy samples were cast, hence a substantial 
amount of work has been saved. Figure 3.16 shows the cross section appearance of 
the 16 mm fully amorphous alloy La67Co17Al16 in comparison with a 16 mm partially 
amorphous alloy La69Co15Al16. The two-type structure of alloy La69Co15Al16 










Figure 3.16  Photos for as-cast 16 mm La67Co17Al16 rod with the uniform 
amorphous structure (left) and La69Co15Al16 rod with the 
two-type structure (right). 
 
The supercooled-liquid region ∆Tx (interval between Tg and Tx) of all the 
La-Co-Al alloys that we studied varies from 11 K to 39 K. The values of the optimum 
glass formers (La67Co17Al16 and La69Co17Al14) are only 37 K and 23 K, respectively, 
indicating that the correlation between ∆Tx and GFA is weak in the La-Co-Al ternary 
system. Value of Trg (=Tg / Tl) of all the La-Co-Al alloys varies slightly from 0.59 to 
0.60, and that of the two largest fully amorphous samples is 0.60. Therefore, there is 
Amorphous 
Composite (Amorphous + Crystalline) Fully amorphous 
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also a poor dependence of GFA on Trg within this alloy system. 
3.2 Locating the Best Glass Former in La-rich La-Ni-Al Alloy 
System 
Our study of La-rich La-Co-Al ternary system (see Section 3.1) revealed that the 
maximum critical size for La-Co-Al BMGs is 16 mm, at La67Co17Al16 and 
La69Co17Al14. It is noticed that the atomic sizes of cobalt (1.28 nm) and nickel (1.27 
nm) are similar to each other and their chemical properties such as the heat of mixing 
with La are of small differences (as shown in Tables 1.3 and 1.4). Therefore, 
























Figure 3.17  Compositional distribution of Sample (1) ~ (7) in La-Ni-Al system. 
(1) La65Ni20Al15, (2) La65Ni18Al17, (3) La67Ni18Al15, (4) 
La67Ni20Al13, (5) La65Ni22Al13, (6) La63Ni22Al15, (7) La63Ni20Al17. 
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The digit at each composition point corresponds to the number on 
Figure 3.19. 
We explored the alloy La65Ni20Al15 which was reported to give the formation of a 
ductile amorphous ribbon [17]. This composition is also close to the optimum 
compositions La67Co17Al16 and La69Co17Al14 in the La-Co-Al system. An 
investigation with a composition interval of 2 at. % around the starting alloy was 
taken to study the GFA, as shown in Figure 3.17. Of the seven alloys examined, it is 
found that the master ingots with compositions of La67Ni18Al15 (alloy 3) and 
La67Ni20Al13 (alloy 4) exhibit glass-like shinning appearance when they were broken 
into pieces. Then two ingots with composition of La67Ni18Al15 and La67Ni20Al13 were 
cast into 8 mm rods to examine their GFA by thermal behavior (DSC) and structural 
analysis (XRD). 



























Figure 3.18  DSC curves for the central parts of La67Ni18Al15 and La67Ni20Al13 
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alloys with a diameter of 8 mm. 
 
  
Figure 3.18 shows DSC curves of alloys La67Ni18Al15 and La67Ni20Al13 with 8 
mm in diameter, at a constant heating rate of 0.33 K/s. During the heating process, 
there are exothermic peaks for both alloys before melting, showing the existence of 
amorphous phase in the as-cast rods. The observation that crystallization for alloy 
La67Ni20Al13 (alloy 4) takes place around temperature range 460 to 570 K implies that 
there may exist a certain amount of crystalline phases that make the crystallization 
process more complex. Glass transition behavior can be observed at 422 K for alloy 
La67Ni18Al15 (alloy 3) and 441 K for alloy La67Ni20Al13 (alloy 4). 
 
Table 3.6  Crystallization heat ∆Hx of the 8 mm La67Ni18Al15 and La67Ni20Al13 
alloys. 




Values of heat release during crystallization ∆Hx (kJ/mol) are tabulated in Table 
3.6. The crystallization heat of alloy La67Ni18Al15 (alloy 3) is 4.43 kJ/mol, which is 
much more than that of alloy La67Ni20Al13 (alloy 4) with 3.64 kJ/mol. The former 
alloy contains more amount of amorphous phase than La67Ni20Al13 (alloy 4) when 
being cast into the same 8 mm-sized ingot.  
 




Figure 3.19 displays XRD patterns for alloys La67Ni20Al13 and La67Ni18Al15 with 
8 mm in diameter. There are sharp characteristic peaks over the main amorphous 
humps on the patterns for alloy La67Ni20Al13 (alloy 4). It is revealed these 
characteristic peaks correspond to the presence of α-La dendrites in the 8 mm 
La67Ni20Al13 alloy. In contrast, the X-ray pattern for alloy La67Ni18Al15 (alloy 3) 
shows smooth amorphous humps without any distinct diffraction peaks, which 
verifies the fully glassy state of the 8 mm rod. Therefore, it is concluded that GFA of 
alloy La67Ni18Al15 (alloy 3) is better than that of alloy La67Ni20Al13 (alloy 4).  















La67Ni18Al15   φ 8 mm

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3.2.1 Investigation around La67Ni18Al15 
Based on the discovery of the La67Ni18Al15 BMG with a critical diameter of 8 mm, a 
closer investigation around the composition of alloy La67Ni18Al15 (alloy 3) was taken 
to study the compositional dependence of GFA. We focused on the nearby alloys with 
a small composition step of 1 at. %, as shown in Figure 3.20. Six samples were 





























Figure 3.20  Compositional distribution of Sample (8) ~ (13) in La-Ni-Al 
system. (8) La66Ni19Al15, (9) La66Ni18Al16, (10) La67Ni17Al16, (11) 
La67Ni17Al15, (12) La68Ni18Al14, (13) La68Ni19Al14. The number 
(1) ~ (7) at each composition corresponds to the number on 
Table 3.16. 
 
It is found that La66Co18Al16 (alloy 9) possesses a typical two-type structure with a 
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shinning amorphous outer layer. The other samples exhibit a uniform structure in the 
cross sections, indicating either a fully amorphous or partially amorphous (composite) 
structure with an improved GFA. 
20 30 40 50 60 70 80 90
z   LaNi
 α-La

13.La67Ni19Al14   φ 12 mm
12.La68Ni18Al14   φ 12 mm
11.La68Ni17Al15   φ 12 mm
10.La67Ni17Al16   φ 12 mm














Figure 3.21  XRD patterns for the inner parts of 12 mm La66Ni19Al15, La67Ni17Al16, 
La68Ni17Al15, La68Ni18Al14 and La67Ni19Al14 alloys with 12 mm in 
diameter. 
 
Figure 3.21 illustrates XRD patterns for these 12 mm La66Ni19Al15 (alloy 8), 
La67Ni17Al16 (alloy 10), La68Ni17Al15 (alloy 11), La68Ni18Al14 (alloy 12) and 
La67Ni19Al14 (alloy 13) as-cast alloys. The broad hump on the curves for alloys 
La66Ni19Al15 and La67Ni17Al16 indicates that there are no detectable crystals in the two 
samples. Several characteristic peaks are observed at the same position in XRD 
curves for La68Ni17Al15, La68Ni18Al14 and La67Ni19Al14 alloys. The α-La and LaNi 
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phases are identified by searching and matching with crystalline database. Thus the 
GFA of these alloys are poorer than that of alloys La66Ni19Al15 and La67Ni17Al16. 


































Figure 3.22  DSC curves for the central parts of 12 mm La66Ni19Al15, La67Ni17Al16 
and La68Ni17Al15 alloys. 
 
Figure 3.22 shows the DSC results of the as-cast rod of La66Ni19Al15, 
La67Ni17Al16 and La68Ni17Al15 alloys with 12 mm in diameter, at a constant heating 
rate of 0.33 K/s. Thermal parameters of the three alloys are tabulated in Table 3.7. It 
can be found from the DSC curves that there are at least two exothermic 
crystallization peaks before melting, verifying the amorphous phase in the as-cast 
samples. Glass transition is observed at 425 K for alloys La66Ni19Al15 and 
La67Ni17Al16, while at 455 K for alloy La68Ni17Al15. The crystallization heat of alloys 
La66Ni19Al15 and La67Ni17Al16 reaches more than 5.00 kJ/mol. Combined with XRD 
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results (Figure 3.21), the two ingots are confirmed to be fully glassy rods. They 
exhibit supercooled-liquid region as 19 K and 23K respectively, as well as the same 
Trg value as 0.57. In comparison, alloy La68Ni17Al15 engenders a majority of 
amorphous phase plus some crystals, with a poor GFA.  
 
Table 3.7  Critical size (Dc) and thermal parameters for La66Ni19Al15, La66Co18Al16, 
La67Ni17Al16, La68Ni17Al15, La68Ni18Al14 and La67Ni19Al14 alloys. 













La66Ni19Al15 12 425 444 5.00 697 761 19 0.56 
La66Ni18Al16* < 12 - - - - - - - 
  La67Ni17Al16 12 425 448 5.47 699 753 23 0.56 
La68Ni17Al15 < 12 455 509 2.18 696 738 - - 
La68Ni18Al14 < 12 - - - - - - - 
La67Ni19Al14 < 12 - - - - - - - 
* With a ring-type structure 
 
3.2.2 Glass-forming zone of La-rich La-Ni-Al system 
In summary, the GFA of the La-Ni-Al system is indicated in Figure 3.23. It is found 
that the optimum glass-formers are La66Ni19Al15 and La67Ni17Al16, which can form 12 
mm fully glassy rods. A few 8 mm fully glassy rods can be obtained in the range form 
66 to 68% La and 17 to 19% Ni, and smaller 5 mm glasses are formed over a 
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composition range from 65 to 69% La and 15 to 20% Ni. Critical size for La-Ni-Al 
alloys is 16 mm. 



















Figure 3.23  Compositional dependence of critical size in La-rich La-Ni-Al 
ternary system. 
 
3.3 Revisit of La-Cu-Al Ternary System 
It is noticed that copper also shares a similar atomic size as well as chemical 
properties such as heat of mixing with lanthanum, with that of Ni and Co, as shown in 
Tables 1.3 and 1.4. The ternary La-Cu-Al system has been systematically studied 
before and the optimum composition was located at La66Cu20Al14, the eutectic point, 
with a critical size of 2 mm for amorphous foundation [53]. Therefore a composition 
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step of 1 at. % around the alloy La66Cu20Al14 was taken to investigate GFA of these 
La-Cu-Al alloys. 


























Figure 3.24  DSC curves for La66Cu20Al14 alloy with different diameters. 
 
Figure 3.24 shows the DSC curves for the La66Cu20Al14 alloy with different sizes, 
at a constant heating rate of 0.33 K/s. There is a distinct glass transition behavior at 
380 K followed by exothermic crystallization peaks on the curve for the 5 mm rod. 
However, when the sample size increases to 8 mm, characteristic crystallization peaks 
disappear. Therefore the limit of GFA for alloy La66Cu20Al14 is finally confirmed to be 
at 5 mm.  
 
Results from our study on the alloys with composition around La66Cu20Al14 
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agrees with the previous investigation by Tan et al [53], who observed that GFA 
would deteriorate when composition deviates from the eutectic point. XRD patterns of 
representative alloys La66Cu20Al14 and La66Cu19Al15 show the deterioration in GFA 
when departing from the eutectic composition La66Cu20Al14 (Figure 3.25). Alloys 
La66Cu20Al14 and La66Cu19Al15 exhibit typical amorphous diffraction patterns. 
However, for alloy La67Cu19Al14, there are several sharp diffraction peaks 
corresponding to α-La phase superimposed on the amorphous broad hump, indicating 
the mixed structures (amorphous and crystalline) within this alloy. Therefore, 
maximum GFA in La-Cu-Al alloy system is finally increased to 5 mm. Figure 3.26 
summarizes the location of alloys with best GFA in La-Cu-Al system. 





La67Cu19Al14  φ 5 mm
La66Cu19Al15  φ 5 mm













Figure 3.25  XRD patterns for the central parts of 5 mm La66Cu20Al14, 
La66Cu19Al15, and La67Cu19Al14 alloys. 
 






















Figure 3.26  Compositional dependence of critical size in La-rich La-Cu-Al 
ternary system. 
 
3. 4 Discussion  
3.4.1 Effect of TM on GFA of La-Rich Alloys 
After systematic investigation of GFA in the La-Co-Al, La-Ni-Al and La-Cu-Al alloy 
systems, a comprehensive comparison of the optimum glass-formers in each system is 
made to study the effect of transition metals on GFA of the La-TM-Al alloys. The 
regions of various glass-forming ability located in the ternary La-TM-Al (TM = Cu, 
Ni and Co) alloy systems are shown in Figures 3.15, 3.23 and 3.26, respectively. In 
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the La-Co-Al system, alloys La67Co17Al16 and La69Co17Al14 are finally located close 
to the eutectic composition, and the critical size of fully amorphous alloys is at least 
16 mm in diameter, which makes them to be the largest BMG of ternary systems so 
far [35]. When substituting Co with Ni, whose chemical and physical properties are 
similar, it is found that the best glass formers stay at off-eutectic positions, 
La67Ni17Al16 and La66Ni19Al15, with a critical diameter of 12 mm. This is four times 
that of the previous result for alloy La55Ni20Al25 (Dc = 3 mm) reported by Inoue [20]. 
For another transition metal, copper, the optimum BMGs with a critical diameter of 5 
mm are pinpointed at La66Cu20Al14 and La66Cu19Al15, which are at and close to the 
eutectic composition, respectively. 
 
Table 3.8 summarizes the critical size and the thermal parameters of these 
optimum BMGs in the ternary La-TM-Al (TM = Cu, Ni and Co) systems, including 
glass transition temperature (Tg), first crystallization temperature (Tx), melting 
temperature (Tm) and liquidus temperature (Tl), together with supercooled liquid 
region ∆Tx (= Tl - Tg), reduced glass transition temperature Trg (= Tg/Tl) and γ (= Tx/(Tg 
+Tl)). It can be seen that Trg increases in the same trend ash GFA increases, that is, the 
higher value of Trg, the larger critical size of BMG rods in the La-rich La-TM-Al (TM 
= Cu, Ni and Co) BMGs. The largest fully amorphous samples La67Co17Al16 and 
La69Co17Al14 (Dc > 16 mm, found in La-Co-Al system) exhibit the highest Trg (~0.60). 
It is also noticeable that the critical sizes of these optimum glass formers are not 
consistent with the widely-used GFA criteria such as ∆Tx and γ in the La-rich BMGs. 
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Table 3.8  Critical diameters and thermal parameters of the best glass-formers in La-Cu-Al, La-Ni-Al and La-Co-Al system. 
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The empirical rules [65] for glass-forming ability pointed out that 
multi-components with large difference in atomic size are required to form large 
BMGs. Various sized atoms pack more densely which makes it difficult to re-arrange 
through long-range diffusion during cooling process, therefore the glass formation is 
promoted. In the above three systems, atomic radii of the component atoms are 0.187 
nm (La), 0.143 nm (Al), 0.128 nm (Co), 0.128 (Ni) nm and 0.127 nm (Cu) [77] 
respectively. The differences in atomic size are more than 11% among La, Al and Co 
(Ni or Cu) atoms, which will benefit the formation of stable amorphous structure.  
 
The heat of mixing for any of the pairs in La-TM-Al (TM = Co, Ni and Cu) 
alloys is negative and of large value (Table 1.4). The bonding strength is very strong, 
which causes an increase in the difficulty of redistribution during the cooling process. 
Interactions between the La-TM (TM = Co, Ni and Cu) pairs are quite similar. It is 
seen that the Al-Cu pair gives the least mixture of heat compared to those of the 
Al-Co and Al-Ni pairs, which may be responsible for the relatively poor GFA in the 
La-Cu-Al alloys. 
 
3.4.2 Effective Cluster-Packing (ECP) Model 
Recently Miracle proposed a face-centered cubic (f.c.c.) dense packing model [80] 
of over lapping clusters as the building scheme of metallic glass structure. The 
essential principle is the efficient filling of space [81]. In this model, only four 
 




topologically distinct atomic constituents are considered. Dominant solvent atoms Ω 
and the primary solute α produce the primary solute-centered atomic clusters. Taking 
these clusters as spheres, they are efficiently packed to fill space in the f.c.c. array. A 
secondary solute β occupies cluster-octahedral interstices (Ioct) as shown in Figure 27 
and a tertiary solute γ takes cluster-tetrahedral interstices (Itetra) (not shown in Figure 
27). The α, β and γ atoms together form efficiently packed solute-centered clusters 
with sharing Ω atoms only in the first coordination shell [82]. This structure is thus 
comprised of interpenetrating arrays of solute-centered clusters. Figure 3.27 displays 
a two-dimensional representation showing the basic model features in the plane. 
Ordering of solute atoms and randomness of solvent atoms are shown in the 
schematic figure. 
 
   
 
 
Figure 3.27  Two-dimensional illustration of an effective cluster packing 
structure in the plane of a single f.c.c. cluster unit cell. The 









Alloys in ternary La-TM-Al (TM = Co, Ni and Cu) systems with the most 
packing efficiency can be accurately predicted by the f.c.c. effective cluster-packing 
(ECP) model. For example, in the La-Co-Al system, it is assumed that the Al atom, 
whose atomic size is larger than that of Co, takes the α site occupying positions of an 
f.c.c cluster lattice. The relative atomic size of Al is RAl/La = rAl/rLa = 0.765, so its 
local coordination number (number of solvent atoms per solute atom in the first 
coordination shell) is Nα = NAl = 10 [83]. Then, Ioct are filled with β solutes (Co) with 
a relative atomic size of RCo/La = rCo/rLa = 0.685. β solutes (Co) share Ω (La) with α 
solutes (Al), and produce effectively packed clusters with a surrounding of Nβ = NCo 
= 9 La atoms [83]. Solvent atoms Ω (La) occupy random positions as a result of the 
basic model features. Finally, this structure is represented as <10-9>fcc showing the 
putative coordination numbers of α (Al) and β (Co) solutes.  
 
For a real glass system, since α clusters share common vertices, the effective 
number of Ω atoms per α solute is generalized as [Nα/(1+12/ Nα)], where 12 
represents the number of nearest-neighbor α clusters in an f.c.c. lattice. Besides, the 
f.c.c. arrangement of α-centered clusters provides one Ioct and two Itetra for each α site. 
Since there is no forth solute in the La-Co-Al ternary system, it is possible that the 
Itetra are vacant or filled with the smallest solute. A series of compositions have been 
calculated in Table 3.9 as Itetra are progressively filled with β solutes (Co) that most 
closely fit these tetrahedral interstices among the three components. Comparisons of 
relative atomic sizes and concentrations for actual La-Co-Al BMGs with predictions  
 




Table 3.9  Experimental and predicted compositions by ECP model for 
La-Co-Al BMGs.  
Predicted Results 
Experimental Results 
Model  Composition 
  <10-9> Itetra vacant La69.4Co15.3Al15.3
  <10-9> Itetra half filled with Co La60.3Co26.5Al13.2
La67Co17Al16 
La69Co17Al14 
  <10-9> Itetra filled with Co La53.2Co35.1Al11.7
 




















Fraction La Atom Radius (R)
] Actual La-Co-Al BMG
1 <10-9> Ιtetra vacant
8 <10-9> Ιtetra half filled with Co
0 <10-9> Ιtetra filled with  Co
 
Figure 3.28  Comparison of relative atomic sizes and concentrations for 
experimental best glass-former in La-Co-Al system with 
predictions from the dense cluster-packing model, represented by 
the <10-9> structure. 
 
 




from the ECP model are shown in Figure 3.28. It can be seen that the best agreement 
between the prediction and the experimental results for La-Co-Al BMGs is achieved 
when all Itetra are vacant. It is possible that the tetrahedral interstice for Itetra is not 
large enough to accommodate the β solute (Co), which is assumed to reside only in 
the octahedral interstice. 
 
Table 3.10  Experimental and predicted compositions by ECP model for 
La-Ni-Al BMGs.  
Predicted Results 
Experimental Results 
Model  Composition 
  <10-9> Itetra vacant La69.4Ni15.3Al15.3
  <10-9> Itetra half filled with Ni La60.3Ni26.5Al13.2
La66Ni19Al15 
La67Ni17Al16 
  <10-9> Itetra filled with Ni La53.2Ni35.1Al11.7
 
Table 3.11  Experimental and predicted compositions by ECP model for 
La-Cu-Al BMGs.  
Predicted Results 
Experimental Results 
Model  Composition 
  <10-9> Itetra vacant La69.4Cu15.3Al15.3
  <10-9> Itetra half filled with Cu La60.3Cu26.5Al13.2
La66Cu20Al14 
La66Cu19Al15 
  <10-9> Itetra filled with Cu La53.2Cu35.1Al11.7
 
 

























Fraction La Atom Radius (R)
] Actual La-Ni-Al BMG
1 <10-9> Ιtetra vacant
8 <10-9> Ιtetra half filled with Ni
0 <10-9> Ιtetra filled with  Ni




















Fraction La Atom Radius (R)
] Actual La-Cu-Al BMG
1 <10-9> Ιtetra vacant
8 <10-9> Ιtetra half filled with Cu
0 <10-9> Ιtetra filled with  Cu
 
Figure 3.29  Comparison of relative atomic sizes and concentrations for (a) 
La-Ni-Al BMGs and (b) La-Cu-Al BMGs with predictions from the 
dense cluster-packing model, represented by the <10-9> structure. 
 
 




Similarly, in the La-Ni-Al and La-Cu-Al alloy systems, the experimental 
compositions and Miracle’s predictions are listed in Tables 3.10 and 3.11. It is clear 
that the predictions with all the Itetra vacant match well with the real alloys. Figure 
3.29 displays the relationship between the relative atomic size and atomic 
concentration. It can be found that atomic concentration of those optimum glass 
formers in the La-TM-Al (TM = Cu, Ni and Co) systems is quite close to that of the 
predictions from the dense-packing model. Therefore, this dense packing model 
based on f.c.c. arrangement can provide an effective hint for locating the best glass 
former in the La-TM-Al (TM = Co, Ni and Cu) alloy systems. However, this model 
cannot help to explain the great difference in GFA among these systems. For 
example, the dimension of the largest La-Co-Al glassy alloy is about three times that 
of the best La-Cu-Al glassy alloy, though their compositions are quite similar (see 
Table 3.8). 
 
In summary, the effect of transition metals on GFA of the La-TM-Al (TM = Cu, 
Ni and Co) ternary systems is prominent. Their benefits to GFA in the La-TM-Al 
(TM = Cu, Ni and Co) ternary systems decreases in the order Dc (Co > Ni > Cu) = 
(16 mm > 12 mm > 5 mm). 
 
 






Chapter 4 Effect of Rare-Earth (RE = La and Ce) 
Elements on GFA of RE-rich RE-Co-Al Alloys 
 
Our study in La-rich La-TM-Al (TM = Co, Ni and Cu) ternary systems revealed that 
Co is the most effective element in improving GFA of the La-rich La-TM-Al (TM = 
Co, Ni and Cu) alloys. Since La and Ce share similar properties such as atomic size 
(0.187 nm and 0.182 nm, respectively) and heat of mixture with other solute 
elements (see Table 1.4). Therefore, the effect of lanthanides on GFA will be 
discussed in the RE-Al-Co (RE = La and Ce) systems. 
 
4.1 Locating the Best Glass Former in Ce-rich Ce-Co-Al Alloy 
System 
4.1.1 Investigation around the alloy Ce65Co25Al10 
The starting point was based on alloy Ce65Co25Al10, which had been reported to form 
fully glassy rod with Dc = 2 mm by copper mold casting [34]. A series of alloys of 4 
mm in diameter were prepared with compositions adjacent the original alloy in order 
to find the enhancement of GFA, as shown in Figure 4.1. 
 


























Figure 4.1  Compositional distribution of Sample (1) ~ (7) in Ce-Co-Al 
ternary system. (1) Ce65Co25Al10, (2) Ce65Co23Al12, (3) 
Ce63Co25Al12, (4) Ce63Co27Al10, (5) Ce65Co27Al8, (6) 
Ce67Co25Al8, (7) Ce67Co23Al10. 
 
 Figure 4.2 shows the DSC curves for as-cast Ce65Co25Al10 and its adjacent 
alloys, at a constant heating rate of 0.33 K/s. Thermal parameters such as Tg, Tx, Tm, 
Tl, ∆Tx, Trg and ∆Hx are summarized in Table 4.1. It can be seen from the table that 
most of the alloys (Sample (1) ~ (6)) give out certain amount of heat during the 
heating process before melting took place, indicating the presence of amorphous 
phase in these as-cast rods. There are several exothermic peaks during crystallization. 
As the Al content increases from 8 to 12 at. %, the exothermic peaks become more 
distinct. The heat of crystallization changes from about 0.50 kJ/mol to 3.11 kJ/mol. 
At the same time, Tx decreases from about 506 K to 415 K with the appearance of 
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Figure 4.2  DSC curves of heating process for Sample (1) ~ (7) in Ce-Co-Al 
ternary system. (1) Ce65Co25Al10, (2) Ce65Co23Al12, (3) Ce63Co25Al12, 
(4) Ce63Co27Al10, (5) Ce65Co27Al8, (6) Ce67Co25Al8, (7) Ce67Co23Al10. 
(a) crystallization process and (b) melting behavior. 
 
 




another crystallization peak at lower temperature side. A typical glass transition can 
be observed at 407 K on the curve for alloy Ce63Co25Al12. This alloy thus has a 
super-cooled liquid range of 10 K and a Trg value of 0.58, indicating a better GFA 
than the other six ingots which do not exhibit any glass transition during heating 
process. The value of heat of crystallization (∆Hx) achieved maximum at alloy 
Ce63Co25Al12, about 3.11 kJ/mol. 
 
Table 4.1  Critical size (Dc) and thermal parameters for alloy Ce65Co25Al10 
and its adjacent alloys. 













1 Ce65Co25Al10 < 4 - 416 2.55 673 696 - - 
2 Ce65Co23Al12 < 4 - 415 2.11 679 708 - - 
3 Ce63Co25Al12 4 407 417 3.11 676 699 10 0.58 
4 Ce63Co27Al10 < 4 - 489 1.08 678 697 - - 
5 Ce65Co27Al8 < 4 - 506 0.51 679 740 - - 
6 Ce67Co25Al8 < 4 - 507 0.41 678 725 - - 
7 Ce67Co23Al10 < 4 - - - 680 737 - - 
 
The XRD pattern in Figure 4.3 confirmed the fully amorphous structure of alloy 
Ce63Co25Al12 with 4 mm in diameter. It can be seen that there are only broad humps 
without any sharp diffraction peaks associated with crystal phases. The main 
amorphous hump takes place at about 32° (2θ). Therefore, as the Al content 
 




increases from 8 to 12 at. %, GFA of these Ce-Co-Al alloys is significantly 
improved.  
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Figure 4.3  XRD pattern for as-cast Ce63Co25Al12 alloy with a diameter of 4 mm. 
 
4.1.2 GFA Study with Increasing Al Content in the Ce-Co-Al Alloy 
System 
As the first set of alloys showed some hint of better GFA with the increase in the Al 
content. Thus, the following study is focused on alloys with aluminum content from 
10 to 14 at. %.  
 
 




4.1.2.1 Ce63-xCo27+xAl10 (x = 0, 2, 3 and 4 at. %) Alloys 
A series of alloys were studied around the alloy Ce63Co27Al10, which had a fixed Al 
content at 10 at. %. Rods were prepared by copper mold casting to estimate their 
critical diameters for glass formation. Figure 4.4 displays the DSC curves for alloy 
Ce63Co27Al10, Ce61Co29Al10, Ce60Co30Al10 and Ce59Co31Al10, respectively, at a 
heating rate of 0.33 K/s. It can be seen that as the Ce content decreases from 63 to 61 
at. %, crystallization peaks become more distinct and the glass-transition appears, 
implying the improvement in GFA. XRD patterns for alloys Ce61Co29Al10, 
Ce60Co30Al10 and Ce59Co31Al10 (Figure 4.5) have broad diffraction humps, which 
indicates the fully amorphous structure of these alloys. 
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Figure 4.4  DSC curves of crystallization process for Ce63-xCo27+xAl10 (x = 
0, 2, 3 and 4 at. %) alloys with different diameters. 
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Figure 4.5  XRD patterns for as-cast Ce63-xCo27+xAl10 (x = 2, 3 and 4 at. %) 
alloys with different diameters. 
 
Table 4.2  Critical size (Dc) and thermal parameters (Tg, Tx and ∆Hx) for 
Ce63-xCo27+xAl10 (x = 0, 2, 3 and 4 at. %) as-cast rods. 
 







Ce63Co27Al10 < 4 - 494 0.98 
Ce61Co29Al10 4 420 429 3.42 
Ce60Co30Al10 6 420 433 4.19 
Ce59Co31Al10 4 423 434 4.18 
 
Critical size as well as glass transition temperature (Tg), crystallization 
temperature of the first peak (Tx) and the enthalpy of crystallization (∆Hx) of these 
 




Ce63-xCo27+xAl10 (x = 0, 2, 3 and 4 at. %) alloys are tabulated in Table 4.2. Tg varied 
slightly with the decrease of Ce content, from 420 K for 61 at. % to 423 K for 59 at. 
%. The same tendency is also found for the value of Tx, which changed from 429 K 
for 61 at. % of Ce concentration to 434 K for 59 at. %. 
 
Figure 4.6 shows Dc and ∆Hx as a function of Ce content for as-cast 
Ce63-xCo27+xAl10 (x = 2, 3 and 4 at. %) alloys. As the Ce content increases from 59 to 
60 at. %, the heat of crystallization remained around 4.20 kJ/mol at first; it then 
dramatically decreased to about 1.00 kJ/mol with a further increase in Ce content to 
63 at. %. Dc reaches its maximum among these samples at 6 mm for alloy 
Ce60Co30Al10. 




























Figure 4.6  Dc and ∆Hx as a function of Ce content for as-cast  
Ce63-xCo27+xAl10 (x = 2, 3 and 4 at. %) alloys.  
 
 




4.1.2.2 Ce63-xCo25+xAl12 (x = 0, 2, 3, 4 and 6 at. %) Alloys 
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Figure 4.7  DSC curves of crystallization process for Ce63-xCo25+xAl12 (x = 
0, 2, 3, 4 and 6 at. %) alloys with different diameters. 
  
When the Al content was fixed at 12 at. %, a series of alloy Ce63-xCo25+xAl12 (x = 0, 2, 
3, 4 and 6 at. %) with different diameters were prepared. Figure 4.7 exhibits the DSC 
curves for alloy Ce63Co25Al12, Ce61Co27Al12, Ce60Co28Al12, Ce59Co29Al12 and 
Ce57Co31Al12, at a constant heating rate of 0.33 K/s. There are several exothermic 
crystallization peaks on these DSC curves. These exothermic peaks became larger as 
Ce concentration decreases from 63 to 59 at. %, which indicates that the amount of 
amorphous phase increases and thus GFA is enhanced. Crystallization behavior 
turned weak when Ce content further decreases to 57 at. %, exothermic peaks 
 




become less distinct, implying the deterioration in GFA. Therefore, the Ce content 
for the optimized glass former should be no less than 57 at. %. 
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Figure 4.8  XRD patterns for as-cast Ce63-xCo25+xAl12 (x = 0, 2, 3 and 4 
at. %) alloys with various diameters. 
 
Figure 4.8 shows XRD patterns for alloy Ce63Co25Al12, Ce61Co27Al12, 
Ce60Co28Al12 and Ce59Co29Al12 with different diameters. It can be clearly seen from 
the figure that all of these ingots were amorphous, that is, they display no significant 









Table 4.3  Critical size (Dc) and thermal parameters (Tg, Tx and ∆Hx)  
for Ce63-xCo25+xAl12 (x = 0, 2, 3, 4 and 6 at. %) as-cast rods. 
 







Ce63Co25Al12 4 409 417 3.08 
Ce61Co27Al12 6 414 429 4.29 
Ce60Co28Al12 6 423 444 3.63 
Ce59Co29Al12 4 425 445 4.82 
Ce57Co31Al12 < 4 - 502 0.92 
 




























Figure 4.9  Dc and ∆Hx as a function of Ce content for as-cast  
Ce63-xCo25+xAl12 (x =0, 2, 3 and 4 at. %) alloys.  
 
Critical sizes and crystallization heat of alloy Ce63-xCo25+xAl12 (x = 0, 2, 3, 4 and 
6 at. %) are listed in Table 4.3 and then plotted as a function of Ce content in Figure 
 




4.9. As the Ce content decreases from 63 to 57 at. %, Dc first increased from 4 to 6 
mm, then deteriorated to 4 mm or even less, which was different from the peak 
location of Hx (reached maximum at Ce 59 at. %). The optimum glass formers are 
Ce61Co27Al12 and Ce60Co28Al12, which can form fully glass rods as large as 6 mm in 
diameter.  
 
4.1.2.3 Ce63-xCo23+xAl14 (x = 0, 2, 3, 4 and 6 at. %) Alloys 
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Figure 4.10  DSC curves of crystallization process for Ce63-xCo23+xAl14 (x = 0,  
2, 3, 4 and 6 at. %) alloys with different diameters. 
 
The atomic percentage of Al was then fixed at 14 at. % and the Ce63-xCo23+xAl14 
(x = 0 ~ 6) alloys were investigated. DSC curves for alloy Ce63Co23Al14, 
Ce61Co25Al14, Ce60Co26Al14, Ce59Co27Al14 and Ce57Co29Al14 are displayed in Figure 
 




4.10. Thermal parameters including Tg, Tx and ∆Hx are listed in Table 4.4. As Ce 
content decreases from 63 to 57 at. %, Tg increases from 400 K to 430 K, and Tx 
increases from 420K to 460 K. It can be found from the figure that when Ce content 
decreased to 29 at. %, there is no exothermic peak on the DSC curve, indicating a 
fully crystal state for the Ce57Co29Al14 alloy whose GFA is obviously not as good as 
the other ones. 
 
 
Table 4.4  Critical size (Dc) and thermal parameters (Tg, Tx and ∆Hx) for 
Ce63-xCo23+xAl14 (x =0, 2, 3, 4 and 6 at. %) as-cast rods. 
 







Ce63Co23Al14 4 403 422 3.90 
Ce61Co25Al14 4 413 435 4.25 
Ce60Co26Al14 6 427 462 5.23 
Ce59Co27Al14 4 432 463 2.75 




Figure 4.11 shows XRD patterns for alloy Ce63Co23Al14, Ce61Co25Al14, and 
Ce59Co27Al14 with different diameters. It is found that glassy rods with a diameter of 
at least 4 mm could be obtained in a composition range of x = 0 to 4 at. %. The 
Ce60Co26Al14 alloy could form 6 mm fully amorphous rod, as shown by the absence 
of any observable characteristic peaks on the XRD pattern. 
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Figure 4.11  XRD patterns for as-cast Ce63-xCo23+xAl14 (x = 0, 2, 3 and 4 at. 
%) alloys with different diameters. 
 
Critical sizes and heat of crystallization for alloy Ce63-xCo23+xAl14 (x = 0, 2, 3, 4 
and 6 at. %) are tabulated in Table 4.4 and plotted as a function of Ce content as 
shown in Figure 4.12. It can be seen that ∆Hx exhibits the peak value at Ce 60 at. %, 
and Dc reaches the maximum (6 mm) at the same alloy. Thus, the optimum 






































Figure 4.12  Dc and ∆Hx as a function of Ce content for as-cast  
Ce63-xCo23+xAl14 (x = 2, 3 and 4 at. %) alloys.  
 
4.1.2.4 Optimizing the GFA of Ce-Co-Al Alloys 
Results in Section 4.1.2 showed that GFA of Ce-Co-Al alloys had been successfully 
increased to Dc = 6 mm, in the composition range of 10 ~ 14 at. % for Al, and 60 ~ 
62 at. % for Ce. Several alloys within this region were selected to cast into 8 mm 
rods, in order to find a composition with a better GFA. 
 




























Heating Rate = 0.33 K/s
 
Figure 4.13  DSC curves of as-cast 8 mm samples for selected alloys. 
 
Figure 4.13 illustrates the DSC curves for alloy Ce60Co29Al11, Ce60Co28Al12, 
Ce60Co26Al14, Ce61Co28Al11, Ce61Co27Al12, Ce61Co26Al13, Ce62Co27Al11 and 
Ce62Co25Al13, at a heating rate of 0.33 K/s. It can be found from the figure that only 
alloy Ce61Co27Al12 had multiple crystallization peaks before melting, indicating the 
existence of an amorphous phase in this sample. The other alloys showed nearly flat 
behavior during the crystallization temperature range, which manifested that there is 
 




no amorphous phase in these samples. 
 
 














Figure 4.14  XRD patterns of as-cast samples for Ce61Co27Al12 alloy with 
different diameters.  
 
XRD result for the as-cast 8 mm alloy Ce61Co27Al12 is shown in Figure 4.14. For 
comparison, results for smaller sizes (6mm and 4 mm in diameter) of the same 
composition are also given. The 4 mm and 6 mm as-cast rods exhibit typical 
amorphous diffraction patterns. For the 8 mm sample, there are some small peaks 
superimposed on the amorphous broad humps, which suggests the existence of 
mixed structures (amorphous plus crystalline) in this sample. Therefore, the best 
glass former in Ce-rich Ce-Co-Al ternary system is finally located at alloy 
Ce61Co27Al12 with a critical diameter of slight smaller than 8 mm. 
 




4.1.3 Glass-forming Zone of Ce-rich Ce-Co-Al Ternary System 






















Figure 4.15  Compositional dependence of critical size in Ce-rich Ce-Co-Al 
ternary system (★ represents the best glass-former Ce61Co27Al12). 
 
In summary, Figure 4.15 illustrates the compositional region of various GFA in 
Ce-Co-Al ternary system. A 6 mm fully BMG rod can be obtained via copper mold 
casting in the range from 60 to 62 at. % Ce and from 10 to 14 at. % Al. The best 
glass former in this system is alloy Ce61Co27Al12, which can form a fully glassy rod 
with at least 6 mm in diameter. Therefore, the critical size for glass formation in 
Ce-Co-Al alloys has been improved from by at least 50%. 
 




4.2 Optimizing the GFA for (La, Ce)-Co-Al Alloys 
Our current study has so far successfully located the optimum glass-formers at 
La68Co17Al15 (Dc = 16 mm) in La-Co-Al system and Ce61Co27Al12 (Dc > 6 mm) in 
Ce-Co-Al system, respectively. Li et al [35] reported that the critical size can be 
greatly increased by substituting La with Ce by 30 %, from 6 mm for La60Co20Al20 
and 4 mm for Ce65Co20Al15 to 25 mm for (La0.7Ce0.3)65Co20Al15. At the same time, 
increasing the number of elements is preferred by confusion principle since it would 
improve GFA by reducing the possibility of choosing a suitable crystal structure 
during crystallization process upon cooling. Therefore, the (La, Ce)-Co-Al system 
was investigated here in order to find an alloy with better GFA. 
 
The 3-D method was employed to pinpoint the best composition, that is, when 
replacing La with Ce, the relative fractions among all the elements would be 
changed simultaneously and appropriately. Figure 4.16 displays the plotting scheme 
in the compositional space of (La, Ce)-Co-Al pseudo ternary system. There are a few 
consecutive compositional planes, each with a fixed Ce to La ratio, expressed as 
La1-xCex (x = 0 to 1). The lower surface is the ternary La-Co-Al system (when x = 0) 
and the upper surface is the ternary Ce-Co-Al system (when x = 1). Symbol (a) and 
(b) stand for the best compositions La68Co17Al15 and Ce61Co27Al12 in the La-Co-Al 
and Ce-Co-Al systems, respectively. The dash line connecting the best glass-formers 
(a) and (b) on the two surfaces intersects the plane x = 0.3 at (c) 
(La0.7Ce0.3)66Co20Al14. Casting of 20 mm diameter rod for this alloy was carried out 
 

















Figure 4.16  Compositional space of (La, Ce)-Al-Co system. (a) 
La68Co17Al15, (b) Ce61Co27Al12, (c) (La0.7Ce0.3)66Co20Al14. 
 
 There are two types of structures in the as-cast alloy (La0.7Ce0.3)66Co20Al14 with 
20 mm in diameter. Figure 4.17 illustrates microstructures of these two parts. The 
structure for the central part in Figure 4.17 (a) can be characterized as plate-like 
primary phases (bright part) distributed with in the featureless matrix (dark part). 
Figure 4.17 (b) for the outer part shows a totally featureless structure which is 
characteristic for fully amorphous microstructure. DSC curve for the central part of 
the as-cast ingot (La0.7Ce0.3)66Co20Al14 (Figure 4.18) shows that the heat released 


























Figure 4.17  Microstructures for 20 mm diameter alloy (La0.7Ce0.3)66Co20Al14 
(a) central region and (b) outer region. 
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Figure 4.18  DSC curves for the central part of (La0.7Ce0.3)66Co20Al14, with a  
diameter of 20 mm. 
 
Since there is certain amount of α-La in the as-cast La66Co20Al14 alloy, a series 
of alloys are prepared with the aim of reducing the amount of α-La to achieve a 
 (a) (b) 
 




better GFA. As shown in Figure 4.19, a line is connected from pure La with alloy (a), 
alloys are chosen as (a) (La0.7Ce0.3)66Co20Al14, (b) (La0.7Ce0.3)64Co21Al15 and (c) 
(La0.7Ce0.3)62Co22Al16 in the tendency of less La(Ce) concentration. Ingots were cast 
by copper mold casting with 20 mm in diameter. 
abc


























Figure 4.19  Pseudo ternary (La0.7Ce0.3)-Co-Al diagram showing alloy 
compositions for pinpointing the optimum glass former(s). (a) 
(La0.7Ce0.3)66Co20Al14, (b) (La0.7Ce0.3)64Co21Al15 and (c) 
(La0.7Ce0.3)62Co22Al16. 
 
Figure 4.20 shows thermal behaviors of the central parts for these as-cast 
samples with 20 mm in diameter, at a heating rate of 0.33 K/s. The values of Tg, Tx 
and heat of crystallization are listed in Table 4.5. It can be seen from the figure that 
as La(Ce) content decreases from 66 to 64 at. %, both Tg and Tx shift to lower 
temperatures, from 459 K to 443 K for Tg, and from 540 K to 510 K for Tx. 
Meanwhile, the heat of crystallization (∆Hx) increases from 4.88 kJ/mol to 6.20 
 































Figure 4.20  DSC curves for the central parts of (La0.7Ce0.3)66Co20Al14, 
(La0.7Ce0.3)64Co21Al15 and (La0.7Ce0.3)62Co22Al16 alloys with a 
diameter of 20 mm. 
 
    Table 4.5  Thermal parameters (Tg, Tx and ∆Hx) for (La0.7Ce0.3)-Co-Al   
as-cast alloys with 20 mm in diameter. 
 
Alloys Tg (K) Tx (K) ∆Hx (kJ/mol) 
(La0.7Ce0.3)66Co20Al14 459 540 4.88  
(La0.7Ce0.3)64Co21Al15 443 510 6.20 
(La0.7Ce0.3)62Co22Al16 - 560 1.46  
 
kJ/mol and the shape of exothermic peaks change greatly. When the La(Ce) content 
further decreases to 62 at. %, the heat release during crystallization is only 1.46 
 




kJ/mol, indicating that the sample contains much less amorphous phase. 
 
The XRD result in Figure 4.21 confirms the fully amorphous structure within 
the 20 mm sample (La0.7Ce0.3)64Co21Al15. There are broad diffraction humps. No 
characteristic diffraction peaks corresponding to a crystalline phase are present, 
confirming that only amorphous phase formed in the alloy with a diameter of 20 mm 
by the copper mold casting method. Thus, alloy (La0.7Ce0.3)64Co21Al15 is finally 
pinpointed exhibiting the best glass-forming ability of all these samples. 
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Figure 4.21  XRD pattern for alloy (La0.7Ce0.3)64Co21Al15 with 20 mm 
in diameter. 
 















































Figure 4.22  DSC curves for the central parts of alloy (La0.7Ce0.3)64Co21Al15 
with diameters of 25 mm (a) crystallization and (b) melting. In 
comparison, crystallization of the 20 mm diameter sample is 
given. 
    
 




The alloy (La0.7Ce0.3)64Co21Al15 was further cast into a 25 mm diameter copper 
mold. The DSC curve for the as-cast rod with 25 mm in diameter, as shown in Figure 
4.24 (a), displays the same crystallization behaviors as that of the 20 mm sample. 
Thermal parameters including Tg, Tx and ∆Hx for the two samples are tabulated in 
Table 4.6. It can be seen that the value of Tg and Tx varies a little in comparison with 
that of the fully amorphous 20 mm rod. Heat of crystallization of the 25 mm sample 
is 6.07 kJ/mol, similar to that of the 20 mm BMG. Figure 4.24 (b) reveals that this 
best glass former in the (La, Ce)-Co-Al pseudo ternary system is at an off-eutectic 
composition with Tm at 703 K and Tl at 819 K. 
 
Table 4.6  Thermal parameters (Tg, Tx and ∆Hx) for (La0.7Ce0.3)-Co-Al   
as-cast alloys with 20 mm in diameter. 
 
Alloys Tg (K) Tx (K) ∆Hx (kJ/mol) 
(La0.7Ce0.3)64Co21Al15 (20 mm) 443 510 6.20 
(La0.7Ce0.3)64Co21Al15 (25 mm) 440 508 6.07 
 
Figure 4.23 illustrates the XRD pattern for the central part of the 25 mm alloy 
(La0.7Ce0.3)64Co21Al15. The lack of characteristic crystalline peaks finally confirms a 
fully amorphous structure in this sample. Thus a quarternary (pseudo-ternary) BMG 
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Figure 4.23  XRD pattern for alloy (La0.7Ce0.3)64Co21Al15 with 25 mm 
in diameter. 
 











(K) Trg γ 
(La0.7Ce0.3)64Co21Al15 25 440 508 703 819 68 0.54 0.403
(La0.7Ce0.3)65Co25Al10 [35] 25 437 472 710 850 35 0.51 0.367
La65(Cu5/6Ag1/6)11(Ni0.5Co0.5)10Al14 
[36] 30 419 459 641 687 40 0.61 0.415
 
Table 4.7 tabulates critical size and thermal parameters for the 25 mm-diameter 
RE-rich BMGs discovered so far. It can be found that our present result exhibits very 
good GFA as well as thermal stability. Values of Trg and γ of our alloy are the 
medium of the three ones, however, it gives the largest supercooled liquid range ∆Tx 
 




(= Tm – Tg), about 68 K, which manifest the high thermal stability of the supercooled 
liquid.  
 
It is also noticed that our search for large BMGs have been greatly simplified 
(only several ingots need to be prepared) by applying the 3-D method [43] (Figure 
4.16). Starting with the best glass-former in the ternary La-Co-Al and Ce-Co-Al 
systems, only 4 alloys casted, a 25 mm amorphous ingot is then obtained. Usually 
researchers had to study a lot of samples in order to find a better glass-former [17, 35, 
36]. This effective strategy helps to save a great amount of time and raw materials 
and will continue to guide research when more components are introduced in the 
pseudo-ternary alloy system. 
 
4.3 Discussion 
4.3.1 Effect of RE on GFA of RE-rich Alloys 
Table 4.8 lists the critical size and thermal parameters of the optimum BMGs in the 
ternary La-Co-Al and Ce-Co-Al systems, including glass transition temperature (Tg), 
first crystallization temperature (Tx), melting temperature (Tm) and liquidus 
temperature (Tl), span of the supercooled liquid region ∆Tx (= Tl - Tg), reduced glass 
transition temperature Trg (= Tg/Tl) and γ (= Tx/(Tg + Tl)). It is found that the 
composition of the best glass-former in the Ce-Co-Al system (Ce61Co27Al12) shifts 
away from that in the La-Co-Al system (La67Co17Al16 and La69Co17Al14) by several 
 




atomic percentages. There is also a significant difference in critical size for glass 
formation for these RE-Co-Al alloys. For example, Ce61Co27Al12 can form around 6 
mm BMG ingot, which is much smaller than the 16 mm of the La67Co17Al16 and 
La69Co17Al14 BMGs. Thermal behavior such as Tg, Tx, Tm, Tl, ∆Tx, Trg and γ of these 
Ce-Co-Al and La-Co-Al alloys seems quite different. For example, Trg for Ce-based 
alloys is only 0.53 while the value for La-based alloy is around 0.60. Values of ∆Tx 
and γ for the Ce-Co-Al alloy are also much smaller than those of the La-Co-Al 
alloys. 
 
In the RE-Co-Al (RE = La and Ce) alloy systems, the heat of mixing between 
La and Al, and between Ce and Al are the same, -38 kJ/mol, indicating the 
interaction among the solvent atoms with the primary solute (Al) are almost the 
same. Meanwhile, the heat of mixing between La and Co (-17 kJ/mol), Ce and Co 
(-18 kJ/mol) varies a little and the difference in atomic size between Ce (0.182 nm) 
and La (0.187 nm) was only 2.7%. However, these similarities cannot explain the 










Table 4.8  Compositions, critical diameters, thermal parameters and atomic sizes of the best glass-formers in RE-Co-Al (RE = 
La and Ce) system. 
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4.3.2 Modified ECP Model 




















Fraction La Atom Radius (R)
] Actual La-Co-Al BMG
 Actual Ce-Co-Al BMG
1 <10-9> Ιtetra vacant
8 <10-9> Ι
tetra
 half filled with Co
0 <10-9> Ιtetra filled with  Co
 
Figure 4.24  Comparison of relative atomic sizes and concentrations for La-Co-Al 
and Ce-Co-Al metallic glasses with predictions from the dense 
cluster-packing model of <10-9> structure. 
 
Employing the efficient cluster-packing (ECP) model [84] discussed in Section 3.4.2, 
a range of compositions have been calculated, assuming that α sites (f.c.c. lattice) and 
octahedral cluster-interstices (Ioct) are filled with the their respective solutes Al and Co 
and that tetrahedral cluster-interstices (Itetra) are progressively filled with solutes that 
most closely fit in these sites – β solutes (Co). As shown in Figure 4.24 and Table 4.9, 
the composition Ce60.3Co26.5Al13.2 provided by a <10-9>f.c.c. model with Itetra half filled 
with β solutes (Co) exhibits good agreement with the observed composition 
 




Ce61Co27Al12. In comparison, the model with all Itetra vacant <10-9>f.c.c. fits the actual 
La-Co-Al BMGs well (Section 3.4).  
 
Table 4.9  Compositions for the best glass-former predicted by ECP model 
and modified ECP model for Ce-Co-Al BMGs.  
ECP Model Modified ECP Model 
<10-9>f.c.c. Composition <10-9>f.c.c. Composition 
vacant Itetra  Ce69.4Co15.4Al15.4 vacant Ioct  Ce82Al18 
Co in half Itetra  Ce60.3Co26.5Al13.2 single Co in Ioct Ce69.4Co15.3Al15.3 
Co in all Itetra  Ce53.2Co35.1Al11.7 
pair Co in Ioct or 




Wang et al further modified the ECP model and provided a detail description how 
β solutes enter the cluster-interstitials, forming β-centered clusters alternating with the 
α clusters (Figure 4.25) [85]. In a ternary Ω-α-β alloy system, one single β solute can 
take either an Ioct site or an Itetra site; or two β solutes go into either one Ioct site or an 
Itetra site. The pair filling exists because at sufficiently high β concentrations, some of 
β atoms would form “extended clusters” in the cage formed by solvent atoms [85]. 
Due to the fact that β atom is not of the right size that would fit the interstitials 
perfectly, there will be volume strain as each of the β atoms added. From the 
consideration of lowering system energy, β solute starts filling the interstitial sites with 
relative low strain energy first, followed by less energy-favorable sites. The whole 
 




structure will become unsustainable until a certain critical strain reached. 
 
Specifically in Figure 4.25, one β solute (Co) will fill the Ioct in the first place; 
followed by the cases that two β into the Ioct or one β into the Itetra; lastly, two β into 















Figure 4.25  Illustration of the (100) plane of the modified efficient cluster-packing            
model, with f.c.c. packing of Al-centered lusters (dashed circle). The 
octahedral cluster-interstices (Ioct) are vacant for (a), filled with single 




















Compositions for Ce-Co-Al BMGs predicted by the modified ECP model are 
listed in Table 4.9, and those from the original ECP model are also given for 
comparison. It is shown that a composition of Ce60.3Co26.5Al13.2 is predicted by 
assuming ‘β solutes (Co) taking cluster-octahedral interstitial sites in pair’ in the 
Ce-Co-Al BMGs. This composition is quite close to experimental result of 
Ce61Co27Al12. 
 
It is noticed that the electronic configuration for the ground state Ce atom is [Xe] 
4f15d16s2, and for the ground state La is [Xe] 5d16s2, although the atomic size 
difference between Ce and La is small (rCe = 0.182 nm and rLa = 0.187 nm). There is 
an additional 4f sub-shell in Ce, which causes stronger interactions (such as heat of 
mixture) when bonding with other solute atoms. As a result, there are more internal 
strains in Ce-Co-Al alloys. The internal strains in turn introduce extra amounts of 
solute-centered cluster sharing with other clusters which makes it possible for the 
octahedron cluster-interstices to accommodate more Co atoms (Figure 4.25 (c)). 
While for La-Co-Al BMGs, the solvent atom La has a larger radius as well as less 
overlapping with the solute atoms (because it lacks 1 valence electron in comparison 
with Ce). Thus the Al-centered cluster takes more space in La-Co-Al structure so that 
the octahedral interstices could not get enough space to hold more than one Co atom, 
as shown in Figure 4.25 (b). Therefore, models for La-rich BMGs and Ce-rich BMGs 
are quite different and hence the compositions for the best glass-former(s) in the 
above two alloy systems are dissimilar (see Table 4.10). 
 





Table 4.10  Compositions and fitted model for the best glass-former in the 
La-Co-Al and Ce-Co-Al alloy systems.  
System Experimental Composition 
Predicted 
Composition Model 
La-Co-Al La67Co17Al16 La69Co17Al14 
La69.4Co15.3Al15.3 
Modified ECP Model  
with single Co in Ioct 
Ce-Co-Al Ce61Co27Al12 Ce60.3Co26.5Al13.2 
Modified ECP Model  
with pair Co in Ioct 
 







Chapter 5 Conclusions 
 
In this fundamental study, the elemental effects of transition metals (TM) and 
rare-earth elements (RE) on glass-forming ability (GFA) of a ternary modeling system 
RE-TM-Al were investigated. Cobalt, nickel and copper were used as the transition 
metals, while lanthanum and cerium were used as the rare-earth elements in this study. 
The ingots of RE-TM-Al alloys were prepared by arc melting pure constituent 
elements in an argon atmosphere followed by casting into copper molds with a 
cylinder-shaped cavity. GFA of the above mentioned alloys were studied by 
Differential Scanning Calorimeter (DSC), X-ray diffraction (XRD), optical 
microscope and scanning electron microscopy (SEM) analysis. 
 
The influence of transition metals on GFA of the La-TM-Al alloys was firstly 
investigated. This study revealed the strong dependency of GFA of the La-based 
alloys on the type of transition metals. It is found that the critical diameter (Dc) of 
glassy rods fabricated by copper mold casting decreases in the order of Co > Ni > Cu, 
with a Dc of 16 mm, 12 mm and 5 mm, respectively. By employing a 
microstructure-based pinpoint strategy, great glass-formers of La67Co17Al16 and 
La69Co17Al14 are found in the La-Co-Al ternary system, at the near-eutectic 
compositions. The above two alloys can form glassy rods with 16 mm in diameter, 
 





which are the largest BMGs discovered in the ternary alloy systems so far.  
 
The optimum glass-formers in La-Ni-Al and La-Cu-Al systems are located at 
similar compositions. For example, La66Ni19Al15 and La67Ni17Al16 can be cast into 
fully glassy ingots with 12 mm in diameter, while La66Cu20Al14 and La66Cu19Al15 are 
able to form 5 mm-sized fully glassy rods. Compositions of these glass-formers in 
La-TM-Al ternary systems exhibit good agreement with predictions of the efficient 
cluster-packing (ECP) model such as La69.4Co15.3Al15.3. The <10-9> structure with all 
vacant tetrahedral interstitial sites (Itetra) and octahedral interstitial sites (Ioct) provides 
a dense-packing description for the La-TM-Al BMGs. 
 
 Effects of rare-earth elements were studied subsequently by replacing La with Ce 
in the RE-Co-Al system. The best glass-forming composition is found to shift from 
La67Co17Al16 to Ce61Co27Al12 with Dc of approximately 6 mm. The modified ECP 
model give predicted concentrations of Ce60.3Co26.5Al13.2 for <10-9> structure with 
octahedral interstitial sites (Ioct) occupied by a pair of Co atoms, which is quite close 
to the composition of the largest Ce-Co-Al BMG.  
 
 A fully glassy rod of RE-Co-Al alloy with 25 mm in diameter is obtained when 
30% of La is replaced by Ce, alloy (La0.7Ce0.3)64Co21Al15. The coexistence of similar 
atoms such as La and Ce significantly enhanced GFA of RE-Co-Al alloys can be 
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